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Direct evidence for the two-phonon bound states on the HÕNi„111… surface

H. Okuyama, T. Ueda, T. Aruga, and M. Nishijima*
Department of Chemistry, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan
~Received 6 October 2000; revised manuscript received 16 January 2001; published 14 May 2001!

We have investigated multiple losses and overtones of H vibrations at Ni~111! by using electron-energy-loss

spectroscopy. We mapped the energies along theḠM̄ direction of the surface Brillouin zone, and found two
branches outside the two-phonon continua. This gives direct evidence of the existence of two-phonon bound
states. Applying a one-dimensional model of coupled anharmonic oscillators, we derive the anharmonicity and
discuss the localized property of the bound states.
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I. INTRODUCTION

The overtone spectra for H vibrations at surfaces prov
information on the vibrational anharmonicities, which are
dispensable for a knowledge of the potential shapes,
thereby for an understanding of the dynamical properties
H on surfaces. For isolated species including gas-phase
ecules, the vibrational anharmonicities can be directly eva
ated from the observed overtone energies, where the ex
tion of physical parameters such as the dissociation ener
are straightforward through the use of the Birge-Spo
extrapolation.1 On the other hand, adsorbed H in the mon
layer regime undergoes dynamic interactions between H
toms; thus we must describe the H vibrational states w
phonon coordinates. In this scheme, the overtone is in
preted as the two-phonon state, and, when the anharmon
is strong enough, the overtone state could be split off fr
the two-phonon continuum, to form a two-phonon bou
state with the two quanta localized over only a few neig
boring H adatoms. Such a localization of the vibration
quanta is closely related to, e.g., H desorption dynamics
duced by multiphonon excitations using the scanning tun
ing microscope~STM!.2

The two-phonon bound states for H vibrations were o
served in a very few adsorbate systems, e.g., H/Rh~100!
~Ref. 3! and H/Si~111!.4 In both cases, however, the overto
spectra were recorded only near theḠ point of the surface
Brillouin zone, which precluded a detailed analyses of
two-phonon bound states. As for other adsorbate syste
the overtone of the C-O stretch was thoroughly investiga
for CO/Ru~001! by infrared-absorption spectroscopy, whe
the overtone was interpreted as the two-phonon bound st5

The infrared technique, however, cannot determine the
persions of the phonon states which provide information
the lateral coupling of the bound states.

In the present study, we mainly investigate the doub
loss and overtone regions of H vibrations at Ni~111! by using
high-resolution electron-energy-loss spectroscopy~EELS!.
We mapped the overtone energies along theḠM̄ direction of
the surface Brillouin zone. The overtones were observed
side the two-phonon continua, which led to an interpretat
of the overtones as two-phonon bound states.

II. EXPERIMENT

The experiments were carried out using an ultrahi
vacuum chamber described in the previous paper.6 The sur-
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face was exposed to H2 to saturation at 90 K, which leads t
(131)-H structure formation.7 The scattering plane of elec
trons is aligned along@ 2̄11#. The primary energy of elec
tronsEp and the incidence angle from the surface normalu i
were varied from 9.5 to 25.5 eV and 60° to 80°, respe
tively. The momentum resolution was better than 0.02 Å21

in the dispersion measurements. All measurements were
ducted at 90 K.

III. RESULTS

Figure 1 shows a typical EELS spectrum for Ni(111)
31)-H. Ep59.5 eV, u i560°, and the emission angleue

550° were used (0.11ḠM̄ ). The inset shows a Ni(111)(1
31)-H structure and the corresponding two-dimensio
Brillouin zone. The dominant peaks at 954 and 1170 cm21

were previously assigned to the asymmetric (vas) and sym-
metric (vs) stretching modes of H adsorbed in the threefo
hollow site, respectively.8–10 These assignments will later b
reconfirmed by dispersion measurements for these losses
cording to the transmission-channeling experiment, alm

FIG. 1. Typical EELS spectra for the Ni(111)-(131)-H sur-
face. Ep59.5 eV, u i560°, and the emission angleue550°. The
data are partly reproduced from Fig. 2~a! of Ref. 6. The parallel
momentum transferz ([Qi /KM̄ , whereKM̄51.457 Å21)50.11.
Another scan was made for the double-loss region with a lon
data-acquisition time, and the result is shown with33 magnifica-
tion together with the calculated density of states for the free tw
phonon bands. The inset shows the (131)-H structure and the
corresponding two-dimensional Brillouin zone.
©2001 The American Physical Society04-1
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FIG. 2. EELS spectra for the
Ni(111)-(131)-H surface as a
function ofz. The primary energy
and incidence angle of electron
are 9.5~25.4! eV and 70° (80°)
for ~a! and ~b!, respectively. The
notationsBSi(') and FS indicate
the losses due to the two-phono
bound states and free two-phono
states, respectively.
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all ~90%! of the H occupies face-centered-cubic~fcc! sites.11

The shoulder observed at the lower-energy side of
1170-cm21 loss is due to the residue of the (232)-2H phase
on the surface.10 The peaks below 300 cm21 are attributed to
the Ni phonons.

In addition to the fundamental losses, we observed a sh
peak at 1744 cm21 and a broad structure ranging fro
;1900 to 2300 cm21. It is apparent that the 1744-cm21

peak is attributed to the overtone ofvas . The corresponding
loss for D species was observed at 1310 cm21. The broad
structure is attributed to the free two-phonon band of the
overlayer, as will be described below.

Figure 2 shows the EELS spectra as a function of
reduced parallel momentum transferQi . The momentum
transfer is represented byz[Qi /KM̄ , where KM̄
51.457 Å21. Ep59.5 eV, u i570°, and Ep525.5 eV,u i
580° were used for Figs. 2~a! and 2~b!, respectively, and the
emission angle was varied. The dispersion relations for th
vibrations are plotted in Fig. 3. First we mention the fund
mental losses which correspond to the one-phonon state
H vibrations.vas exhibits an upward dispersion toward th
M̄ point, forming a longitudinal mode~denoted byL). On
the other hand, the downward dispersion was observed fovs
~denoted byP), which is due to the indirect~through metal!
dynamic interaction between H adatoms.12,13 These disper-
sion behaviors reinforce the assignments of the former to
parallel-polarized mode and the latter to the perpendicu
polarized one. We observed another branch below the lo
tudinal mode, which is assigned as the transverse mode~de-
noted byT). This mode is visible only when anEp above
;15 eV is used, and becomes even dominant at higherEp ,
as shown in Fig. 2~b!. These two parallel-polarized modes (L

andT) are degenerate at theḠ point. Though the transvers
mode is forbidden under the present scattering condition~se-
lection rule for impact scattering1!, the finite acceptance
angle in the azimuthal direction may cause the appearanc
this mode at higher primary energies. The overtone ofvas
~denoted byBSi) exhibits a small but significant upwar
dispersion. Another branch appears around 2250 cm21 ~de-
noted byBS'), which is attributed to the overtone ofvs .

The data for the one-phonon states were fitted with
cosine functions, i.e.,x01x1 cos(pz)1x2 cos(2pz) ~solid
23340
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curves!. The parametersx1 andx2 are related to the interac
tion strength between the first- and second-nearest neighb
respectively.14 Based on these curves, we calculated the f
two-phonon bands as shown in Fig. 3. We obtained six ba

FIG. 3. The dispersions of the one-phonon~lower! and two-
phonon~upper! states. For the one-phonon states, the crosses
resent the perpendicular-polarized mode (P), while squares and
circles show the longitudinal~L! and transverse~T! modes, respec-
tively. The corresponding two-phonon bound states are represe
by the same symbols. The free two-phonon bands are calcul
from the one-phonon dispersion curves.
4-2
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which correspond to the double and combination losses s
asL1L andL1P, respectively. In the calculations we co
sidered one-phonon states only, with the wave vectors pa
lel to the scattering plane, and neglected the interactions
the overtone states.3 The losses due to the free two-phon
states~denoted byFS) are partly resolved: the losses arou
1950 and 2100 cm21 in Fig. 2~a!, where the excitation of the
T mode is negligible, are contributed from theL1L and L
1P bands, respectively. Note that the adsorption of ba
ground CO would cause a separate peak at 1900 cm21 after
prolonged experiments. The calculated density of sta
~DOS! for these bands atz50.11 is shown in Fig. 1, with the
energy resolution (20 cm21) taken into account. Although
the scattering cross sections are not known, the calcul
DOS reproduces the observed peak positions very well.

It is apparent from Fig. 3 that the overtone branches
outside the two-phonon bands, which leads to an interpr
tion of the overtones as two-phonon bound states.BSi and
BS' represent the parallel- and perpendicular-polariz
bound states, respectively. Here we describe the two-pho
state extremely in a localized basis:~1! the two vibrational
quanta are completely localized in a single H adatom, co
sponding to the overtones for isolated species; and~2! the
two quanta are distributed in two different H adatoms. W
differentiate the two cases because of the anharmoni
which lowers the former energy. Upon the lateral coupli
being incorporated, the latter forms a free two-phonon ba
whereas the former behaves like an impurity state, depen
on the anharmonicity. When the anharmonicity is lar
enough, it is split off from the band, giving rise to a tw
phonon bound state. The bound state is only weakly coup
to the neighbors or, in other words, to the free two-phon
states, which results in small dispersions compared with
corresponding one-phonon states, as shown in Fig. 3.

In the dispersion curve forBSi ~Fig. 3!, the squares and
circles represent the energies ofBSi when theL andT modes
dominate in the one-phonon loss region@corresponding to
Figs. 2~a! and 2~b!#, respectively. Interestingly, both symbo
fall in the same curve, which indicates that they are ascri
to an identical bound state.~Note that the corresponding one
phonon states are different.! For a localized oscillator ofC3v
symmetry, the overtone of theE-symmetry fundamenta
mode exhibits the representation ofA11E. The double de-
generacy of theE states is lifted when the localization of th
bound states is incomplete. Thus the parallel-polari
bound states should exhibit three branches, though we c
observe only one.~One of the three is forbidden by the s
lection rule of impact scattering.1! These arguments lead u
to suggest that the bound state originates from theA1 mode,
because it appears irrespective of the polarizations (L or T)
of the one-phonon states. It is not understood why the o
branch is not observed.

IV. DISCUSSION

The anharmonicities and localized properties of the tw
phonon bound states are discussed with the one-dimens
~1D! model of coupled anharmonic oscillators proposed
Kimball et al.15 The model HamiltonianH for the two-
23340
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phonon system is represented by

H5(
n

ean
†an1(

n,m
Dnman

†am2G(
n

an
†an

†anan , ~1!

with the zeroth-order ‘‘local’’ phonon energye, the ‘‘hop-
ping’’ matrix elementDnm , and the anharmonicityG ~called
\vexe in general!. an

†(an) is the creation~annihilation! op-
erator for the oscillator at the siten. For the vibrationally
decoupled oscillators (Dnm50), the eigenvalue for the over
tone is deduced to be 2e22G. We can apply this simple
model toBS' . BSi is the combination of the two orthogo
nally polarized modes, as noted above; thus the simple
model is inadequate for a quantitative analysis.

One-phonon states are described asE5e12D cos(pz),
where the H-H interaction parameters are neglected ex
for the nearest neighbors (D). Although this assumption is
valid for the bound state due to its localized character, n
ther of the observed one-phonon branches are well re
duced by this simple function, indicating the coupling to t
second-nearest neighbors.14 Nevertheless, the zeroth-orde
energye (5x0) and the interaction energy between the ne
est neighborsD (5x1/2) are determined to be 1162 an
8 cm21 by the above fit for theP mode, respectively.

The eigenvalues for the two-phonon bound states w
derived from Eq.~1! and are represented by15

EB52e22AG21@2D cos~pz/2!#2. ~2!

The dispersion width of the bound state is 2AG214D2

22G. In this model, the bound state is formed unlessG is
zero, and, with increasingG, the bound-state width is re
duced and the localization is promoted. We choseG
532 cm21 to reproduceBS' , and the calculated dispersio
curve is shown in Fig. 3 by a solid curve. It should be not
that we consider only one-dimensional coupling in both
experiments and calculations, and the isotope-dilution
periments may be applicable to realize the strictly isola
~two-dimensional decoupled! H adatoms.

Now that the anharmonicity is derived, we can determ
the excitation energies for the decoupled H adatoms:v0→1
51162 cm21 and v0→252v0→1-2G52260 cm21. We ap-
ply the Birge-Sponer extrapolation1 to these values, and
roughly estimate the binding energy of H at the surface alo
the surface normal direction to be;1.4 eV. The binding
energy of H with respect to the vacuum is;2.8 eV~Ref. 16!
~half of the dissociation energy of H2 plus the adsorption
energy!, which is much larger than that estimated. On t
other hand, the estimated energy is comparable to the ba
of hydrogenation~absorption! with respect to the chemisorp
tion state@;1 eV ~Ref. 17!#. Thus the estimated energy ca
be attributed to the H migration barrier to the subsurfa
octahedral site just beneath the fcc surface site. The ba
energy was theoretically predicted to be;1 eV.18,19 The
direct measurement was conducted by Comsaet al.,20 who
determined the barrier with the permeation method to
;0.3 eV with respect to the vacuum. For comparison,
adsorption energy of;0.5 eV ~Ref. 16! should be added
resulting in a barrier energy of;0.8 eV. Thus, although the
4-3



h
r

a
fr
d
a
0
e
o

, a
la
u
re

and

ut-
of

ne-
the
ere

BRIEF REPORTS PHYSICAL REVIEW B 63 233404
potential shape of H at the surface is quite different from t
of diatomic molecules, we can obtain insight into the abso
tion barrier by the overtone analyses.

We can evaluate the localization of the two vibration
quanta from the eigenstates of the bound state deduced
the model calculations.15 For the perpendicular-polarize
bound state atḠ, the probabilities of the two quanta sep
rated by zero, one, and two sites are 0.94, 0.05, and 0.
respectively. At a highly excited state of H, the bound stat
expected to lie far below the corresponding free multiphon
band, promoting the localization of the vibrational quanta
observed for the C-H vibrational system in molecu
benzene.21,22 Such a localized property of quanta, in partic
lar for the perpendicular-polarized vibration, is closely
lated to the absorption9 and desorption2 dynamics of H at
surfaces from the viewpoint of energy dissipation.
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V. SUMMARY

In summary, we have measured the multiple losses
overtones of H/Ni~111! along theḠM̄ direction of the sur-
face Brillouin zone, and found that two branches exist o
side the free two-phonon bands. This is direct evidence
the existence of two-phonon bound states. Applying the o
dimensional model of coupled, anharmonic oscillators,
localized properties of the two-phonon bound state w
evaluated.
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